Abstract-This paper presents a novel polarisation dependent EBG (PDEBG) surface which makes use of sheet vias. The performance of the surface is analysed whilst varying the length, thickness and inclination of the vias. It is observed that the phase difference between the x-polarised and y-polarised component of the reflected wave can be controlled by varying these parameters. Furthermore, the surface exhibits a polarisation conversion property with potential use in a variety of antennas.
I. INTRODUCTION
High Impedance Surface (HIS) [1] design is becoming an important discipline in antenna engineering. HISs behave as Electromagnetic Bandgap (EBG) structures ( [2] , [3] ) or Artificial Magnetic Conductors (AMC) [4] , depending on the nature of the incident waves in question. EBG structures are used as ground planes in antenna applications for surface wave suppression and in-phase reflection [5] , antenna miniaturization [6] , and polarisation dependence applications [7] - [13] .
In this paper square patch elements are used which are individually shorted to the metal ground plane with a sheet metal vias as an alternative to conventional cylindrical (pin) vias. The geometry addressed by this paper is shown in Fig. 1 . It will be demonstrated how the length (L v ), thickness (T v ) and inclination angle (ș v ) of the sheet via affects the reflection phase of the reflected waves and it will be shown how proper selection of these parameters gives polarisation dependent behaviour in some circumstances. Good electric conductors such as metallic ground planes exhibit both frequency and polarisation independent behaviour over a wide frequency band, however the phase inversion experienced by reflections from the surface are problematic in some applications. The emergence of magnetic conductors which can be realised from periodic arrays of patches or similar elements can overcome the phase inversion at the surface and can have other useful properties, albeit over a typically small frequency range. Furthermore, other useful properties have been realised by making use of anisotropic arrays where the periodicity or other parameter is changes in a particular coordinate direction. For example, Yang and Rahmat-Samii [7] have proposed a polarisation dependent EBG (PDEBG) and proved that the reflection phase of the PDEBG surface is a function of frequency and polarisation state of the incident wave. The phase difference between the two components of the reflected wave can be adjusted by modifying the unit cell geometry of the PDEBG [7] , i.e. replacing the square patch with a rectangular patch, introducing symmetrical slots in the square patch, and offsetting the metal vias. These techniques are useful tools to obtain polarisation dependent EBG surfaces, but still there is a need to introduce added flexibility without excessive increase in unit cell dimensions, i.e. the ability to fine-tune the reflection phase-difference between the components of the reflected wave over 0-180 degrees. The current paper offers an alternative approach to this problem.
Section II elaborates the design procedure for the polarisation dependent EBG and the reference design used for to compare with the new design. Sections III and IV present the results, and conclusions are made in Section V.
II. DESIGN PROCEDURE FOR THE REFERENCE EBG
In order to make the comparisons in this paper, a periodic square patch-based EBG was designed using well established equations [14] . Selecting the resonant frequency f r = 3 GHz yields the following dimensions:
where the symbols used refer to dimensions in Fig. 2 , or otherwise take their usual meaning. A substrate permittivity of 4.5 was selected as the final application of the surface is to be on FR4 material, but there is no special reason for choosing this value. For the sheet via surface, the same dimensions and substrate properties were used however new parameters were required to represent the length of the via, L v the thickness T v and the via inclination angle, ș v . It is these values that form the major part of the analysis in the parametric study.
The reflection phase of the EBG surface is given by [14] :
where η and Z s (ω) are the impedance of free space and the surface impedance of the EBG surface respectively. It would be expected that any changes in the phase response in the sheet via EBG would be brought about due to changes in Z s (ω) which is in turn due to the effective per cell surface capacitance, C, and inductance, L. The following relationship can be derived [14] : Fig. 2 Reference EBG structure employing a cylindrical (pin) via Consequently, the frequency at which the surface operates as a HIS and where the reflection phase is zero is therefore given by:
The capacitance term in this equation is primarily due to fringing between adjacent patches and this remains unchanged in the new surface. The inductance, on the other hand, has been modified significantly by the presence of the thick sheet via. It is not straightforward to express this simply as in the pin via case and in addition anisotropy has been introduced. The following analysis therefore concentrates on numerical simulation of a slanted sheet via of various thicknesses and lengths.
III. LINEAR EXCITATION RESULTS The surfaces were simulated in TLM [15] and postprocessed in Matlab v7.4. In each case the surface was simulated with periodic boundary conditions at the x and y extremities of the unit cell. The mushroom type EBG surface was included as the reference surface for comparison. The first set of simulations involved illuminating the surface with linearly polarised plane waves and analysing the reflection phase. Separate simulations were carried out for x and y polarised waves. In each case the reflected wave was compared in phase with the incident wave in the excited polarisation.
A. Varying the length of the sheet via
In the first case the inclination and thickness of the sheet via was fixed at ș v = 0 o and 2 mm respectively and L v varied from 2-12 mm. The results are shown in Fig. 3 . For the case where the length is 2 mm the reflection phase of both the x and y polarised components of the incident plane wave are identical and as would be expected, the results are extremely similar to that of a cylindrical, small pin via (labelled 'Mushroom' in the plots). When the length of the sheet via is increased, in the direction of the x-axis, then it is observed that the reflection phase curve for the x-polarised component is shifted towards the right along the frequency axis. In other words the effective inductance presented to the x-polarised component is reduced when the length of the sheet via is increased in that direction. This would be expected due to the shorter path length associated with that polarisation.
B. Varying thickness of the sheet via
In this case the length of the sheet via remains constant (i.e. 8 mm), but the thickness is varied from approximately 0.05 -2 mm. As the thickness is increased, the reflection curves of the y-polarised component of the incident plane wave shifts to the right away from 3 GHz point. Therefore the phase difference between the x and y polarisation components can, to some extent, be controlled by varying the thickness of the sheet via. The resonant shift in the reflection phase curve is minimal in this case due to smaller variation in the width of the sheet via (Fig. 4) . The EBG shows distinctive behavior for the 45 o inclination angle and this was investigated further by using a circularly polarised incident wave and applying more detailed analysis methods on the reflected waves. In the following section the 45 o slanted via is considered.
IV. CIRCULAR POLARISATION RESULTS
A pure left-hand circularly polarised (LHCP) plane wave was excited in the simulation at a suitable distance away from the surface. A pair of E-field measurement points were placed in the computer model between the excitation plane and the surface and from these, the forward-and reverse-going wave components were resolved. The amplitudes of the x and y components of the incident electric field are denoted E ix and E iy with their chosen magnitudes being 1 V.m -1 and their reflected counterparts, E ox and E oy .
The field components produced in the simulation are shown in Fig. 6 . It can be seen that there are distinct regions of operation which will be explained further. Further analysis was carried out on the relative phase of the reflected waves. This is shown in Fig. 7 . 
Fig . 7 Phase analysis of the outgoing wave where δ(E ox ), δ(E oy ) are the phase differences experienced by the separate field components at the surface and δ(o) is the phase difference between the reflected field components. For high and low frequencies the phase difference between the reflected components remains constant at 90 o , as would be expected for LHCP incident waves (converted to RHCP, as would take place for an electric conductor), however this flips to -90 o in the centre band, indicating a change of CP polarisation. Examining Fig. 6 again, the outgoing wave is Right-Hand Circularly Polarised (RHCP) in the frequency range 1.5 GHz to point A (2.812 GHz), Elliptically Polarised (EP) in the range A to L1(3.042 GHz) Linearly Polarised (LP) at L1. The outgoing wave is EP in the range L1 to C1 (3.17 GHz), while in the range C1 to C2 (3.358GHz) it is LHCP. The resonant frequency point Cm (3.326 GHz) gives a marginally LHCP outgoing wave. The axial ratio of the surface for the ingoing and outgoing waves is depicted in Fig. 8 . Fig. 8 Axial ratio for the outgoing and ingoing waves A summary of the results is tabulated in Table 1 . where f r,x and f r,y are the resonant frequency for the x-and y-polarised components of the plane wave respectively, and f 180 is the frequency at which the phase difference is approximately 180 o . The advantage of this particular EBG surface is that the reflection phase can be controlled in several different ways and also in certain bands different polarisation conversion behavior can be obtained.
V. CONCLUSIONS
In this paper an EBG surface with an inclined sheet via has been evaluated. It has been shown that in contrast to the traditional 'mushroom' EBG surface the inclined via surface exhibits a conversion property which can either be to a linear wave, or to a wave of a different-handed circular polarisation. The surface has this property due to its inherent anisotropy which influences the phase difference between the x and y components in the reflected wave. It has been observed in the parametric study that the phase difference between the reflection phases of the x and y components of the plane wave can be fine-tuned by varying three parameters ( Table 1 ). The bandwidth exhibited by this PDEBG is 7.7 %, which is adequate for GPS applications, subjected to constraints on the size of the unit cell. There are potential applications for this surface including the use in simple-to-feed single-port antennas for GPS applications and low profile and multiband planar devices.
